We present a comprehensive study relating the magnetic properties to structural properties of Mn + -implanted Si 1−x Ge x films as a function of Ge content ͑x =0-0.5͒. Ferromagnetic ordering with three critical temperatures, T B ϳ 10-16 K, T C1 ϳ 650-780 K, and T C2 ϳ 825-860 K, are reported in this material system. Element specific x-ray absorption fine structure results show that the majority of the Mn ions are nonsubstitutional in all samples. The transmission-electron microscopy coupled with z contrast and chemical analysis reveals the presence of Mn-rich nanosized clusters including Mn 4 Si 7 in Si-rich samples and Mn 7 Ge 3 phases in Ge-rich samples. A composition transition occurred at x ϳ 0.2-0.3, where we observe a change in bond lengths and defect structures. Additionally, an enhancement in magnetizations with an increase in both T B and T C1 as well as a conversion from n-type to p-type conduction are also detected.
I. INTRODUCTION
Ferromagnetic semiconductors ͑FMSs͒ are alloys in which some atoms in non-magnetic semiconductors are randomly replaced by magnetic atoms such as manganese ͑Mn͒ in order to produce ferromagnetism ͑FM͒. For instance, GaAs diluted with Mn is the best understood FMS with Curie temperature T C as high as 173 K.
1 Recently, FMSs have attracted great interest due to the emerging field of spintronics, which promise the possibility of combining the twin advantages of both electron's charge and spin degree of freedom in a single semiconductor device. In this aspect, FMSs are good candidates for efficient spin injectors for nonmagnetic semiconductors [2] [3] [4] due to their potentials for high spin polarization and good conductivity match with semiconductors. So far, most of the experimental efforts have been focused on groups III-V and II-VI and oxide based FMSs. [5] [6] [7] On the other hand, group IV ͑Si,Ge͒-based FMSs have also received great attention owing to their compatibility with the conventional Si-based semiconductor technology. For example, Mn x Ge 1−x prepared by molecular beam epitaxy ͑MBE͒ is one of the group IV FMSs that show ferromagnetic ordering with T C ϳ 116 K. 8 To realize practical device applications, it is desirable to obtain a pure FMS with FM property above room temperature. Apart from being the mainstream semiconductor, Si offers the added benefit of having very long spin lifetimes. 9 It is therefore the material of choice in realizing future Si-based spintronics applications. Ferromagnetism with a T C Ͼ 400 K has been observed in Mn 0.05 Si 0.95 films deposited by sputtering method, 10 as well as in Mn-implanted Si. 11 Recently, we have also reported FM above room temperature in Mn + -implanted Si 0.75 Ge 0. 25 . 12 However, the research on Si-based FMSs is still in its infancy and the origin of their FM is not well understood. It has been shown theoretically that Mn atoms in Si 1−x Ge x with x Ͼ 0.16 favor substitutional sites and lead to FM. 13 The presence of Ge atoms surrounding Mn impurity is predicted to be energetically favorable and half-metallicity can spontaneously occur in Si 1−x Ge x with high Ge content.
14 Thus, Mn doping in Si 1−x Ge x could be a promising and attractive FMS as the host material is commonly used in integrated circuits for heterojunction bipolar transistors as well as a straininduced layer for complementary metal-oxide semiconductor transistors. However, the effect of Ge alloying on the magnetic properties of Mn x Si 1−x remains unexplored. Thus, an investigation of the magnetic properties of Mn + -Si 1−x Ge x FMSs would obviously be significant. We note that the local structure around the magnetic ions and defects play a pivotal role in affecting the magnetic properties of FMSs. The source of FM detected in FMSs can originate from phase separation of intermetallic compounds or coherent transition metal rich phases associated with spinodal decomposition. 15 Thus, we pay special attention to the structural studies of this material system in order to clarify the possible origin of FM.
In this article, we investigate the correlations between the magnetic properties and structural properties of Mn + -implanted Si 1−x Ge x films as a function of Ge content. We employed the techniques of atom specific extended x-ray absorption fine structure ͑EXAFS͒ spectroscopy and x-ray absorption near-edge structure ͑XANES͒ spectroscopy as well as z-contrast scanning transmission-electron microscopy ͑z-contrast STEM͒ to investigate the local atomic structure as well as the structural evolution in the Si 1−x Ge x films with increasing x. EXAFS and XANES are especially useful in probing the entire depth of the implanted layer and the lateral area by grazing x-ray incidence. In contrast, TEM probes a localized area and a small fraction of the film volume. The combination of both techniques is a powerful tool to investigate our material system and provides valuable information on the ferromagnetic properties. Our results demonstrate that the magnetic, electrical, and microstructural properties, as well as the local structural environment, are affected by annealing and Ge alloying in Mn + -implanted Si 1−x Ge x . We observed changes in the structural and magnetic properties at x ϳ 0.2-0.3. With the use of a high temperature oven in a commercial superconducting quantum interference device ͑SQUID͒ magnetometer, the T C of this material system were also measured. We show that the majority of the Mn atoms in the Si 1−x Ge x films are nonsubstitutional but have formed nanosized Mn-rich clusters including Mn 4 Si 7 and Mn 7 Ge 3 phases. We seek to provide explanations on the possible origin of the FM based on our findings.
II. EXPERIMENT DETAILS
We have employed ion implantation to facilitate the synthesis and characterizations of ͑Si,Ge͒-based FMSs. In addition to enabling a quick synthesis of FMSs, implantation may also have applications in forming selected area contact regions for spin-polarized carrier injection in device structures. 16 A series of samples consisting of 150 nm thick Si 1−x Ge x epilayers, with x = 0.1, 0.2, 0.3, 0.4, and 0.5, was grown on highly resistive p-type Si͑001͒ substrates on top of 100 nm thick Si buffer layers by solid source MBE at 400°C. Subsequently, Mn ions were implanted into the samples at a constant energy of 100 keV with a dosage of 2 ϫ 10 16 cm −2 . Samples were held at 300°C during implantation to minimize amorphization and tilted by 7°with respect to the incoming beam to minimize channeling effects. After ion implantation, the samples were subsequently annealed at 800°C for 10 min in a furnace. As a reference sample, a bare undoped Si͑001͒ wafer was implanted with the same dose of Mn ions at 200 keV and annealed at 900°C. The local structures around Mn in Si 1−x Ge x were studied by EXAFS, carried out at the X-ray Development and Demonstration beam line at the Singapore Synchrotron Light Source Laboratory. Multiple-scattering calculations of XANES were performed using the FEFF8.20 code. Clusters of 71 or 73 atoms were extracted from the Mn-substitutional or Mn-interstitial models and have achieved convergence for XANES calculations. The Fourier transforms ͑FTs͒ of the obtained spectra were performed from momentum ͑k͒ space of k range of 2.2-9.8 Å −1 to real space with Bessel window function and k 3 weighting. The structural properties of the samples were analyzed using Cu K␣ x-ray diffraction ͑XRD͒ and z-contrast STEM of 200 keV. The chemical analyses were done using x-ray photoelectron spectroscopy ͑XPS͒ and electron dispersive x-ray ͑EDX͒ spectroscopy. The XPS sputter depth profiles have typical Gaussian profiles with Mn peak concentration of 8%-9% at the depth of 80 nm in Si 1−x Ge x samples and 5% at the depth of 170 nm in Si wafer.
No secondary phases such as Mn 5 Ge 3 or Mn 4 Si 7 were detected in XRD 2-scan for all samples within its detection limit. The diamagnetic background from the Si substrate has been subtracted. We made an effort to exclude any possible contribution from the sample holder in the SQUID or other spurious effects. The Hall measurements were carried out in a van der Pauw configuration with NiSi as contact materials.
III. RESULTS

A. Microstructures
Figures 1͑a͒-1͑c͒ show the high resolution TEM ͑HR-TEM͒ images of the annealed samples with x = 0.1, 0.3, and 0.5. Besides the typical implantation defects such as dislocations located near the surface and interface, a broad dispersion of spherical clusters of 10-20 nm in diameter can also be observed. A higher density of defects and larger clusters are observed resulting from the Ge alloying. Moiré fringes are clearly visible in the sample with x = 0.5 as shown in Fig.  1͑d͒ , indicating that some of these clusters are nanocrystalline. The high resolution image of one of the clusters shows a fringe spacing of 2.85 nm. Similar moiré fringes have also been observed resulting from Mn 5 Ge 3 clusters in Mn-doped Ge, 17, 18 as well as from GeAs clusters in As + -ion implanted Si 1−x Ge x . 19 Thus, these clusters can be attributed to the formation of a Mn-Ge phase resulting from the high Ge content. This could be attributed to the Mn 7 Ge 3 compound that has an orthorhombic structure with a lattice constant c = 22.292 Å. 21 We also observe similar results related to the presence of the Mn 7 Ge 3 phase in the sample with x = 0.5.
In summary, multiphase, larger sized, and more ordered Mn-rich clusters are observed in Ge-alloyed samples. A secondary phase such as Mn 4 Si 7 is found in Si-rich samples while a new intermetallic, Mn 7 Ge 3 , is detected in Ge-rich samples. It is known that the implantation process can generate a high density of defects and thus can amorphize the Si 1−x Ge x crystal at a sufficiently high dosage. The interactions of the defects and the diffused atoms as well as the recrystallization of the amorphous Si 1−x Ge x layer will have a strong effect on the diffusion behavior of the implanted elements. During the annealing process, precipitation of the supersaturated solid solutions and intermediate compounds such as Mn 4 Si 7 and Mn 7 Ge 3 can thus occur at the structural defects. cupying the substitutional sites in Si and Ge, ͑ii͒ the interstitial in Si and in Ge, and ͑iii͒ the manganese silicide, Mn 4 Si 7 . In the interstitial model, the Mn was assumed to occupy the ͑ The preedge region at 6.543 keV, denoted by * in Fig. 5͑b͒ , was used to fingerprint the coordination symmetry of the Mn absorber because this peak indicates the transition from the Mn 1s core state to 3d-like states and can be greatly enhanced in tetrahedral symmetry. The substitutional models in either Si or Ge are featured by this significant preedge peak due to the tetrahedral symmetry on the first coordination. The apparent absence of the preedge peak for both samples suggests that no tetrahedral Mn sites are being occupied or that the lack of centrosymmetry for tetrahedrons can be compensated to some extent by the second shell of six Si or Ge atoms which has a shorter distance compared to that of the Mn in the substitutional model. Therefore, we conclude that the majority of the Mn atoms do not replace Si or Ge. Instead, their XANES features resemble the main features of interstitials and Mn 4 Si 7 spectra. We do not completely rule out the possibility of the existence of interstitial Mn sites as the fine structures in the experimental XANES could be smeared out due to disordering effect. Figure 6 shows the FT amplitude of the Mn K edge EXAFS functions for all samples and their fitting results using the MnSi model for the samples. The first peak of the FT was fitted with a two coordination of Mn-Si and Mn-Mn and the phase shift is extracted from the MnSi as reference. A peak from the second neighbor shell was clearly observed in the FT spectra due to structural ordering. For x = 0 -0.3, the second peak intensity decreases with increasing x up to 0.3, as compared to that of the first peak. Thereafter, for x Ͼ 0.3, it shifted to the left and become more pronounced than the first peak. As clearly seen in Fig. 6͑a͒ , there exists two composition intervals with different local environments for Mn-Si 1−x Ge x films: 0 ഛ x ഛ 0.3 and 0.3Ͻ x ഛ 0.5. The unique local structure for x Ͼ 0.3 indicates the formation of a different phase resulting from the high Ge content. We attribute its presence to Mn 7 Ge 3 clusters, which are also detected in TEM. Table I lists the fitted results together with the radial structural parameters extracted from several models. The structural parameters of MnSi and Mn 4 Si 7 were included because they are known to be the stable phases in the Mn-Si binary phase diagram. Based on the data in Table I , the major difference between samples with x Ͻ 0.3 and samples with x Ͼ 0.3 is found in the average Mn-Mn bond length ͑R Mn-Mn ͒ and the coordination numbers. The R Mn-Mn of the samples with x = 0.1-0.2 has an average value of 2.95 Å, which is close to that of the Mn 4 Si 7 compound, i.e., 2.97 Å. As for their Mn-Si bond lengths, they are found to be between that obtained from the interstitial model and Mn 4 Si 7 . Thus, it is highly probable that there is a coexistence of interstitials and Mn 4 Si 7 in the samples. On the other hand, the Mn-Si coordination numbers ͑N Mn-Si ͒ are between 6 and 8, which are larger than the coordination number of 4 for the substitutional and the interstitial sites. The large Mn-Si coordination number is generally expected in manganese silicide. As already shown in Fig. 5͑b͒ , the spectra of the samples are indeed reasonably well accounted for using the calculated spectra of Mn 4 Si 7 . The Mn 4 Si 7 local environment as identified by EXAFS is in agreement with our TEM results. It is also likely that a certain fraction of the Mn ions in these samples are seated at interstitial sites and possibly with a distorted local structure. As for the samples with x = 0.4 and 0.5, the Mn-Si and Mn-Mn bond lengths are found to be closer to that of the interstitials, but much shorter than that of samples with x = 0.1 and 0.2, and that of the Mn 4 Si 7 compound. This could be due to the presence of interstitials and formation of another new phase that is different from Mn 4 Si 7 . This phase can be associated with the higher Ge content which promotes the formation of Mn-rich clusters or germanides including Mn 7 Ge 3 , in accordance with our TEM results. Therefore, modeling of other various possible Mn-Ge phases is required in order to determine the phase which corresponds to the unique local structure observed. Such an analysis is beyond the scope of this work. In summary, the local structure of Mn + is modified at a composition x ϳ 0.2-0.3. We attribute the local structure of Mn in Si-rich samples for x Ͻ 0.3 ͑with averaged R Mn-Si ϳ 2.37 Å, N Mn-Si ϳ 6.6; R Mn-Mn ϳ 2.95 Å, N Mn-Mn ϳ 2.6͒ to a mixture of interstitial Mn ions as well as silicides. As for x Ͼ 0.3, the local structure with much shorter bond lengths and different coordination numbers ͑with averaged R Mn-Si ϳ 2.35 Å, N Mn-Si ϳ 4.7; R Mn-Mn ϳ 2.76 Å, N Mn-Mn ϳ 6.4͒ can be attributed to the formation of a different phase such as germanides. Figure 7͑a͒ shows the temperature-dependent resistance ͑R-T͒ measurements which indicate that all samples exhibit insulating behavior with carrier densities ranging from 8.5 ϫ 10 15 to 1.9ϫ 10 17 cm −3 . The carrier densities and resistivities as a function of x are displayed in Fig. 7͑b͒ . The carrier densities are found to decrease with increasing x up to x = 0.2 and thereafter, it remain unchanged at around 1 ϫ 10 16 cm −3 . In samples with Ge alloying ͑x ജ 0.1͒, the resistivities are of rather high values, i.e., 4 -7 ⍀ cm. For x ജ 0.2, the carrier type was observed to convert from n-type to p-type. In other words, in Si-rich samples ͑x ഛ 0.1͒, Mn atoms are donor dopants. It has been reported that the energy level induced by Mn in Si is located deep in the gap ͑0.42 eV for donor level and 1 eV for acceptor level͒, 22 thus making Mn an ineffective acceptor dopant in Si-rich samples. While in Ge-rich environment, Mn tends to be acceptor dopant with a shallower energy level at 0.16 eV. 23 On the other hand, the stoichiometry effects, dislocations, and secondary phases may affect the conductivity of the samples. These defects may play a significant role in contributing to the change in the electrical properties. The fact that holes dominate the conductivity in Ge-rich samples may also be attributed to the increase of the population of p-type phases within the sample which could include regions with high Mn doping, or Mn 4 Si 7 clusters which are known to be a p-type semiconductor, 24, 25 which is consistent with our EXAFS results.
B. Local structure of Mn
C. Electrical and magnetic properties
We observe that both the as-implanted and annealed samples are ferromagnetic at 300 K, and the annealing enhances the saturation magnetization ͑not shown͒. Figure 8͑a͒ shows the field-dependent magnetization ͑M-H͒ curves at 300 K for the annealed samples ͑x = 0, 0.1, 0.3, and 0.5͒. Well defined hysteresis loops in the samples for all x are observed, indicating ferromagnetic ordering at 300 K. The coercive field and saturation field obtained in all samples are 100 Oe and 1.5 kOe, respectively. Figure 8͑b͒ shows the variation of the saturation magnetization with x. We observe that Mn impurity in Ge has a higher magnetization than in Si, and thus the magnetization value increases when x increases from x = 0.2 to 0.5. This trend appears to be related to the p-type conduction. Figure 9 shows the zero-field-cooled and field-cooled ͑ZFC-FC͒ curves of all samples that are ferromagnetic with T C Ͼ 390 K and exhibit multiple phases. A pronounced peak in the ZFC curve below 50 K can be clearly seen when x ജ 0.2, indicating that a superparamagnetic behavior arises due to the presence of ferromagnetic nanosized particles. We assign the peak temperature to be the blocking temperature T B . It is observed that T B increases from 10 to 16 K when x increases from 0.1 to 0.5. This reveals that the increased Ge alloying leads to the growth of the nanosized particles and to an enhancement of the superparamagnetism, which is consistent with our structural data. In addition, we observe a sudden rise in FC magnetization below 60 K, which also becomes more pronounced with increasing x. This indicates the increase in the relative population of such Ge-alloyed phases. We have fitted this region with the Brillouin function and obtained a critical temperature at T C * ϳ 50 K, which is very close to the T C of Mn 4 Si 7 , i.e., T C ϳ 47 K. 20 The existence of both T C * and T B strongly suggests the clustering of the Mn 4 Si 7 phase even in Ge-rich samples. The presence of Mn 4 Si 7 clusters is consistent with the TEM data as well as with recent result on Mn + -implanted Si. 26 We note that Mn 5 Ge 3 clusters which are commonly detected in Mn x Ge 1−x can be ruled out as they are characterized by a T C ϳ 296 K and T B between 110 and 290 K, 27 which is not observed in our ZFC-FC data. In addition, other bulk ferromagnetic phases or large magnetic particles in which domains may exist are evidenced by the fact that the ZFC curve decreases and the FC curve increases as the temperature is reduced. Moreover, the high temperature regions of ZFC and FC are rather smooth and no peak is observed in the ZFC curve. The large discrepancy in the FC and ZFC curves up to 390 K also indicates the presence of a bulk ferromagnetic phase with T C or T B ജ 390 K, which requires high temperature characterizations. Figure 10 shows the temperature-dependent magnetization ͑M-T͒ curves of the Mn + -Si 1−x Ge x samples with different x, measured in the range of 400-820 K. The M-T curves were fitted with a Brillouin function using the expression
we obtained T C2 of 825, 860, 855, and 850 K for samples with x = 0, 0.1, 0.3, and 0.5, respectively. Additionally, the M-T curves also show an anomaly around 600 K, indicating another ferromagnetic phase within the samples. This feature is more pronounced in Mn + -implanted Si. Fitting these regions with the Brillouin function allows us to obtain T C1 = 650, 680, 780, and 770 K for samples with x = 0, 0.1, 0.3, and 0.5, respectively. Apparently, Ge alloying increases the T C1 and T C2 of Mn + -implanted Si by ϳ30 K, which may be due to the change in the chemical composition of Mn + -implanted Si. For samples with x Ͼ 0.1, T C2 remain unchanged at ϳ850 K, suggesting the presence of a ferromagnetic phase of the same species in these samples. We also observe that the T C1 has two composition intervals: T C1 ϳ 650-680 K when x Ͻ 0.2 and T C1 ϳ 770-780 K when x Ͼ 0.2.
D. Discussions
One of the interesting results of this work is that there exists a compositional transition that is strongly correlated to the change in the magnetic and electronic properties. The magnetization of Mn impurity in Ge-rich samples is found to be larger than that in Mn impurity in Si as predicted in Refs. 14 and 28. The n-type samples are closely related to the T C1 ϳ 650-680 K, while the p-type samples are related to the T C1 ϳ 770-780 K. The enhancement of saturation magnetizations and T C1 value at x Ͼ 0.2 is strongly related to the conversion to p-type conduction observed at x ϳ 0.2. Thus, it is clear that the switch from donor to acceptor behavior enhances the T C1 as well as the magnetizations. This can be expected if the dopant spin coupling is hole mediated. We attribute the observed transition to the microstructural evolution of the implanted layer as well as the Mn local structure observed at x Ͼ 0.2, where a new phase such as Mn 7 Ge 3 was observed. Additionally, the existence of Ge-rich neighborhoods for Mn in Si 1−x Ge x as predicted in Ref. 13 can also be invoked to explain the transition observed at x ϳ 0.2, which is in good agreement with the theoretically calculated composition of x ജ 0.16. There is a likelihood that the larger magnetic moments, the increase in T C1 , and the conversion to p-type conduction observed are related to the increase in the overall population of diluted Mn atoms around Ge atoms due to the low formation energy in Ge-rich environment. A certain fraction of the Mn atoms might have been diluted in either the Si 1−x Ge x matrix or within clusters where the Mn impurities are locally surrounded by Ge atoms. In fact, their calculations show that about 56% of Mn can be at substitutional sites in Si 1−x Ge x with x = 0.25 even at 600 K. Therefore, characterization techniques with a detection sensitivity down to below 1.0 at. % and spatially resolved capabilities are required to verify this prediction. In addition, molecular beam epitaxial growth under nonequilibrium conditions, in which phase separation can be avoided, may help establish this behavior.
Our results have shown that Mn + -implanted Si 1−x Ge x films with a highly resistive state and n-type conduction exhibits FM above room temperature even when the majority of the Mn atoms are nonsubstitutional. Although the efficient carrier densities are possibly too low to support valence band carrier-mediated FM, carrier-mediated exchange interaction may still be possible inside the clusters with a high density of Mn. In comparison with some of the possible ferromagnetic phases such as Mn 4 Si 7 , Mn 11 Ge 8 , Mn 5 Ge 3 , and Mn 3 O 4 , none of them can account for the observed FM of T C up to 860 K in our samples. Despite the fact that the lattice of Mn 4 Si 7 is under a large local strain and that the magnetism can be very different from that of bulk crystals, we do not envisage that such an effect would be large enough to enhance the T C from 47 to above 650 K. The detected Mn 7 Ge 3 may account for the critical temperatures observed, but this could only be relevant to the Ge-rich samples. So far, there is no report on the magnetic properties of Mn 7 Ge 3 in the literature.
Since our characterizations give only average information for the majority phase and identifications for several Mn-rich clusters, we cannot rule out the possibility that a minority of the Mn-rich clusters are the result of a spinodal decomposition, which could be the source of the high-T C FM. 29, 30 Spinodal decomposition is a process driven by attractive forces between magnetic ions in semiconductors to form regions with low and high concentrations of magnetic ions. Since it does not necessarily involve the precipitation of another crystallographic phase but can be a phase coherent with the host matrix, it is not easily detected even with TEM. Spinodal decompositions have been observed in many FMS 34, 35 Similarly, there is a likelihood on the presence of the ferromagnetic spinodal decomposed Mn-rich phases in our system. It has been shown in Ref. 35 that coherently bound Mn-rich clusters can give rise to superparamagnetism. Moreover, first principles calculations and Monte Carlo method have also shown that hysteretic magnetic response at finite temperature, enhancement of superparamagnetism, and T B higher than 300 K can be expected in diluted magnetic semiconductors ͑DMS͒ with spinodal decomposed nanoclusters of magnetic impurities. 36 Finally, we note that, in contrast to many III-V FMSs that demand substitutional dopants for ferromagnetism, theoretical calculations have shown that the interactions of substitutional-interstitial defects which is of −1 and −2 charge states favor FM in Mn-doped Si. 37 The Mn clustering in the form of dimers is also known to be energetically favorable. Although the origin of the high-T C FM in Mn + -Si 1−x Ge x films is unknown at this stage, our findings based on the structural investigations suggest that the FM could possibly be due to defect interactions originating from Mn-rich clusters or dimers.
IV. CONCLUSIONS
In conclusion, FM in Mn + -implanted Si 1−x Ge x films has been obtained by ion implantation and subsequent annealing. Using element specific XAFS, high resolution and z-contrast imaging, as well as the SQUID equipped with a high temperature oven, the structural and magnetic properties of Mn + -implanted Si 1−x Ge x alloys have been studied as a function of x between 0 and 0.5. Our work shows that there is some variability in the structural environment of the Mn and suggests that different magnetic and electrical properties result from different local Mn structures. Two composition intervals are found: x ഛ 0.2 ͑Si rich͒ and x Ͼ 0.2 ͑Ge rich͒, where the bond lengths, defect structures, and magnetic and electronic properties are different. An enhancement of magnetizations and superparamagnetic effect, and p-type conduction are observed in Ge-rich samples. This may be attributed to the phase transition, including the formation of Mn 7 Ge 3 intermetallics as well as spinodal decomposed Mn-rich phase. We have shown that the defective, resistive Mn + -implanted Si 1−x Ge x films exhibit three critical temperatures: T B ϳ 10-16 K, T C1 ϳ 650-780 K, and T C2 ϳ 825-860 K. The nature of ferromagnetic ordering up to 860 K is yet to be identified, though the metallic ferromagnetic silicides and germanides can be excluded based on their T C values. The uniqueness of such a high-T C FM observed in technologically relevant Si 1−x Ge x films makes it a system of exceptional importance and interest in moving toward future Si-based semiconductor spintronics. 
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